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From a commercial point of view, the introduction of rechargeable nickel-metal hydride (NiMH) batteries has been very successful in the last decade. 1, 2 This new battery type has become a serious competitor for the more conventional nickel-cadmium (NiCd) system due to its higher storage capacity and because of obvious environmental advantages. Almost all of the present-day NiMH batteries employ stoichiometric or close to stoichiometric multicomponent AB 5 -type compounds as hydride-forming anode materials. These materials have proven to possess excellent electrode properties such as high storage capacity, fast activation, long cycle life, and perfect electrochemical charge/discharge rate capability. It has been argued that Co forms an essential constituent within these alloys, providing a long cycle life. 1, 2 Since Co is considered to be a strategic and costly metal, however, this has an appreciable impact on the overall battery materials cost. Evidently, this cost aspect is becoming a very dominant issue, not only for the portable electronic industry but also for the future electric (hybrid) vehicle industry.
Recently, it has been discovered that cycling stability can also be significantly improved by leaving the stoichiometric AB 5 composition, i.e., by making use of the as-denoted nonstoichiometric (AB x ) compounds. [3] [4] [5] [6] Advantageously, Cu-containing overstoichiometric AB x compounds, with x > 5.0, turned out to have excellent cycle life without making use of any Co. These excellent electrode properties have been related to the inhibited particle-size reduction, generally induced by the hydride formation and decomposition process through which the overall corrosion rate in alkaline electrolyte is also significantly reduced. It has been argued that the inhibited particle-size reduction was due to the introduction of dumbbell pairs of B-type atoms on the A-type positions in the hexagonal crystal lattice of the AB x compounds. 3 As a consequence, the discrete lattice expansion was found to be significantly reduced or even absent, resulting in the good mechanical materials properties and hence, excellent cycling stability. 4 In these fundamentally oriented studies no attention was paid to more practical materials characteristics important for optimum battery operation. [3] [4] [5] [6] For example, in the case of the reported stable Cu-containing nonstoichiometric materials, the hydrogen pressure at which the hydride formation/decomposition reaction takes place was of the order of a few bars, which is rather high for practical applications. The same strategy as outlined here was very recently also adopted by Vogt et al. 7 They similarly reported significant cycle-life improvements for nonstoichiometric, Sn-containing, AB 5ϩx -type compounds.
It is well known that partial hydrogen pressure can be regulated carefully by introducing other chemical elements in hydride-forming compounds. With Miedema's rule, the influence of other elements on the hydrogen pressure can be calculated simply. 8 Several metals turned out to be good candidates in lowering the plateau pressure. [9] [10] [11] Mn, nowadays widely applied in commercial stoichiometric hydrideforming compounds, is one of the most favorable metals among these. A clear relationship, on the one hand, between the unit cell volume of La(Ni 1Ϫz Mn z ) 5 compounds and the Mn content and, on the other hand, between the plateau pressure and the Mn content, was reported. 11 Combining the various experimental results leads to a semilogarithmic relationship between the hydrogen pressure and the dimension of the hexagonal unit cell, as represented in Fig. 1 . This plot shows that Mn, which ranges between 0 and 2, is indeed very effective in reducing the plateau pressure and that the crystallographic unit cell volume can be taken as a good indication for the partial hydrogen pressure.
In the present study, the impact of Ni substitution by Mn atoms in stoichiometric and nonstoichiometric AB x compounds is investigated. The influences of both the chemical composition and the stoichiometry on the crystallography, electrochemical cycling behavior, and the electrode morphology are described. The special substitution mechanism characteristic of these nonstoichiometric compounds has been studied in more detail by neutron-diffraction measurements for both the binary LaNi 5.4 alloy and the most interesting Mn-containing compounds. Furthermore, pressure-composition isotherms have been determined by electrochemical means at room temperature and via the gas phase at higher temperatures for the most interesting compounds. In addition, the discrete lattice expansion, induced by the hydride-formation/decomposition process, has also been investigated for these materials.
Experimental
All stoichiometric (AB 5.0 ) and nonstoichiometric (AB 5.4 and AB 6 .0 ) compounds were prepared from the melt as buttons by mixing the appropriate amounts of starting materials, having a purity of To design Co-free, low-pressure, hydride-forming compounds for application in rechargeable nickel metal hydride batteries, nonstoichiometric AB x materials were investigated. The influence of both the Mn content and the degree of nonstoichiometry on the crystallography, electrochemical cycling stability, and electrode morphology were studied. The investigated composition was in the range of La(Ni 1Ϫz Mn z ) x with 5.0 Յ x Յ 6.0 and 0 Յ xz Յ 2.0. The annealing temperature was essential in preparing homogeneous compounds. In agreement with geometric considerations, both the a and c axis of the hexagonal unit cell increase with increasing Mn content. In contrast, the a axis decreases with increasing degree of nonstoichiometry. As proved by neutron-diffraction experiments, the introduction of dumbbell pairs of Ni or Mn atoms on the La positions in the crystal lattice is responsible for this behavior. The electrochemical cycling stability is found to be strongly dependent on both the chemical and nonstoichiometric composition. Electrochemically stable materials are characterized by the absence of a significant particle-size reduction upon electrode cycling, reducing the overall oxidation rate. Unstable materials suffer from severe mechanical cracking through which the oxidation rate is increased. The improved mechanical stability is attributed to the reduced discrete lattice expansion. better than 99.9 wt %, and arc-melting them several times under a purified argon atmosphere to ensure homogeneity. The buttons were sealed into separate quartz tubes, containing a low argon pressure at room temperature, and subsequently annealed for 1 week at different temperatures. It has been shown that formation of single-phase compounds within the homogeneity regions is strongly temperaturedependent and is significantly influenced by both stoichiometry and chemical composition. [3] [4] [5] [6] In order to obtain information about the homogeneity regions of the various compounds, different annealing temperatures have been applied in steps of 100ЊC within the temperature range 700-1200ЊC. As derived from conventional X-ray powder diffraction (XRD) measurements, the optimum annealing temperatures are listed in Table I . In some cases, however, small amounts of a second phase could be found, indicating that the actual composition may deviate somewhat from the nominal composition. This may also explain the measured dispersion in some of the lattice constants. As can be seen from Table I , the appropriate annealing temperature increases with an increasing deviation from stoichiometry, i.e., with a larger value of x, and decreasing Mn content. After cooling, the as-produced solids were mechanically ground into powders. Only the powder fractions which passed through a 50 m sieve were used for all experiments. All powders were analyzed by XRD using conventional equipment (Philips PW 1800 powder diffractometer with Cu K␣ radiation in the 10-120Њ 2 range) and were in most cases found to be single-phase.
Electrodes were prepared for the electrochemical cycling experiments by mixing the sieved powders with Cu powder (Merck pro analyses) in the weight ratio of 1 to 4 and pressing these mixtures into pellets at a pressure of 4 ϫ 10 8 N m Ϫ2 . 150 mg electrodes with a diameter of 8 mm were tested in a conventional thermostated twocompartment electrochemical cell using a 6 M KOH electrolyte, a Hg/HgO (6 M KOH) reference electrode, and a Pt counter electrode positioned in the second compartment, which was separated by a glass frit from the working electrode compartment. All experiments were performed under thermostatic control at 25ЊC. Galvanostatic charging was performed with a current of 350 mA/g of active hydride-forming material for 1.25 h. The electrodes were discharged with the same current until the cutoff voltage of Ϫ550 mV vs. Hg/HgO was reached. In order to obtain periodically the total storage capacity (C t ), the electrodes were additionally discharged every 30 cycles with a low current of 35 mA/g until the same cutoff voltage was reached. After every discharging step, the electrodes were allowed to come to equilibrium for 15 min.
After the cycle experiments had been completed, the electrodes were dismantled, successively washed in water and ethanol, dried in vacuo, broken into two parts, embedded in an epoxy resin (Resin-5, Struers, Denmark), polished, and cross-sectionally inspected by means of optical microscopy.
Both electrochemical and gas-phase measurements were performed to determine the pressure/composition isotherms of the most interesting materials. Since the plateau pressures of the present materials are predicted to be low, the gas-phase measurements were performed at higher temperature. Prior to the isothermal measurements the samples were activated five times by exposing them to 10 bars of hydrogen gas followed by desorption under vacuum at 80ЊC. The isothermal desorption curves were measured at the same temperature using conventional Sievert's equipment. After the isothermal measurements were completed, the samples were partly loaded with H 2 toward ca. 50% of its actual storage capacity. Subsequently, the powders were removed from the Sievert's equipment and quickly transferred into an X-ray sample holder. As the equilibrium pressures for both compounds are relatively low, it is reasonable to assume that no significant desorption occurs during transfer. The X-ray spectra were measured at 20ЊC with a Bruker-AXS D8 diffractometer with Cu K␣ radiation in the range 18-120Њ (2) by steps of 0.02Њ.
It has been shown that pressure-composition-temperature isotherms (PCT) can be accurately determined at room temperature by electrochemical means, 12 especially when very low pressures are involved. 13 For these measurements, the same electrochemical activation procedure was performed as described previously. After completely discharging with a low current (35 mA/g), the electrodes were intermittently charged for 30 min again with 35 mA/g under thermostatic control (25ЊC). During the 1 h resting period the electrode potential was allowed to come to equilibrium. The same procedure was followed during the discharging process. The partial hydrogen pressure can then be calculated from the equilibrium potential (E eq MH ), according to 12, 13 [1] where R is the gas constant, T is temperature, F is Faraday's constant, n is 2, the constant Ϫ0.926 is related to the hydrogen standard redox potential vs. the Hg/HgO reference electrode, and p H2 refers to the standard pressure (p ref ) condition of 1 bar. This procedure was repeated 25 times for both the charging and discharging process. Discharging was interrupted at Ϫ550 mV vs. Hg/HgO. The electrochemical PCT measurements were performed after cycle 31, i.e., after full activation and before significant degradation had taken place.
For the neutron-diffraction (ND) experiments, the two most interesting Mn-containing powders with nominal composition compounds, the most simple, binary compound was also investigated. This LaNi 5.4 compound was investigated at the Institute Laue Langevin in Grenoble on the D2B diffractometer between 10 and 160Њ in 2 with a step scan of 0.05Њ and ϭ 1.5966 Å. All diffraction patterns were analyzed by a whole-pattern fitting procedure, again using the program FULLPROF. 14 The Fermi lengths used (i.e., the scattering factors) were b La ϭ 8.24 F, b Ni ϭ 10.3 F, and b Mn ϭ Ϫ3.73 F, respectively. The refinement procedure is described in the Results section. The neutron-diffraction samples were carefully examined by electron-probe microanalysis (EPMA). 30 data points were collected for each material, resulting in the reported average values. In addition, volumetric density measurements were performed (Accupyc 1330).
Results and Discussion X-ray diffraction.-The XRD patterns show that all stoichiometric and nonstoichiometric compounds crystallize in the hexagonal hP6 CaCu 5 structure (P6/mmm space group). The lattice parameters calculated from the XRD patterns are plotted in Fig. 2 and reveal that both the a and c axis increase with increasing Mn content. As expected, substitution of Ni atoms (radius 1.246 Å) by the larger Mn atoms (dependent on the coordination number, the Mn radius is either 1.264 or 1.304 Å 15 ) within the stoichiometric AB 5.0 composition leads to an increase of lattice parameters. These results are in good agreement with those found by Lartigue et al. 11 Considering the stoichiometric AB 5.0 structure, one A-atom position, at the 1a site, and two B-atom positions, at the 2c and 3g sites, can be distinguished in the CaCu 5 unit cell, as schematically indicated in Fig. 3 . The partial replacement of Ni by Mn in these compounds has been investigated by neutron diffraction and has been reported to occur disorderly, but mainly in the z ϭ 1 / 2 plane at the 3g site, which is the less dense atomic plane. Only a small portion of Mn atoms was found to occupy the 2c site in the z ϭ 0 plane. 11, 16, 17 For the nonstoichiometric AB 5.4 and AB 6.0 compounds, similar crystallographic trends are found: both the a and c axis increase with increasing Mn content. Strikingly, the a axis clearly decreases with increasing deviation from the AB 5.0 stoichiometry, i.e., with an increasing value of x. Such a dependence has also been reported for the Cu-containing nonstoichiometric materials. 3 In contrast to the Cu case, no clear dependence of the c axis on the degree of nonstoichiometry is found for the present Mn compounds. In order to accommodate the excess amount of B-type atoms in the nonstoichiometric materials, it has been proposed that the A-type atoms are replaced by dumbbell pairs of B-type atoms. This is also schematically represented in Fig. 3A . The dumbbell positions are denoted as the 2e sites. Consequently, due to the presence of the dumbbells, the hexagons of B-type atoms surrounding the dumbbells are induced to change their symmetry as well, resulting in the 6l sites. A planar view of the [110] plane, in which the atoms are more or less drawn to scale, makes the geometrical impact of this special substitution mechanism more clear (see Fig. 3B ). Since there is much more room for the hexagons surrounding the dumbbells (Fig. 3B) , it can easily be understood that the introduction of the dumbbells in nonstoichiometric compounds decreases the a axes of the crystal lattice (Fig. 2a) . The fact that the present materials do not show a clear Journal of The Electrochemical Society, 146 (9) 3181-3189 (1999) S0013-4651(98)12-048-7 CCC: $7.00 © The Electrochemical Society, Inc.
increase of the c axis, like that found in the Cu case, 3 remains to be clarified. Possibly, the inhomogeneity of some samples contributes to this equivocal dependence. Figure 4 shows the unit cell volume (V ) of the investigated compounds as a function of the Mn content, indicating that V increases with increasing Mn content and decreases with increasing the degree of nonstoichiometry. From the data shown in Fig. 1 , it can indeed be inferred that the plateau pressure can be reduced several orders of magnitude by introducing Mn in to the present nonstoichiometric compounds.
The number of La replacements can be calculated as a function of the degree of nonstoichiometry by assuming that a fraction y of La atoms is replaced by 2y B-type atoms. 3 The general AB x formula can be rewritten as A 1Ϫy B 5ϩ2y . Normalizing the amount of B-type atoms with respect to the A content gives the relationship between the fraction of substituted A-type atoms (y) and the overall nonstoichiometric composition (x) [2] In the case of the present Mn-containing compounds in which the nominal Mn amount is denoted by z, the general formula becomes La 1Ϫy (Ni 1Ϫz Mn z ) 5ϩ2y [3] 
Since both Ni and Mn can occupy all the four different B-type positions in the nonstoichiometric crystal lattice (see Fig. 3 ), each crystallographic site (i) can be characterized by the atomic ratio i , which is defined by [4] When, in addition, the number of atoms per unit cell occupying the different positions in the CaCu 5 unit cell is denoted by the occupancy factor i , the whole system is characterized. The dependence of the total amount of Ni and Mn on i and i can then be represented by [5] and [6] respectively. The various positions are summarized in Table II . Evidently, there is a direct connection between the i of the various positions and the substitution level y of these nonstoichiometric compounds. This relationship is also indicated in Table II . In the case of the 3g positions, 2 remains, of course, fixed at 3.
Electrochemistry.-All compounds were electrochemically tested in order to investigate their electrochemical storage capacity and cycling stability. Three typical examples of cycle-life plots are shown in Fig. 5 . These examples relate to compounds with nominal composition LaNi xϪ1.25 Mn 1.25 in which the stoichiometry was varied in the range 5.0 Յ x Յ 6.0 and the Mn content was fixed at 1.25. In the initial stages, all compounds show an increase in storage capacity. During this so-called activation process, the natural oxide covering the powder particles is broken. The charge-transfer kinetics of the hydrogen reaction is consequently improved, leading to increasing capacities. The large lattice expansion occurring upon hydride-formation/decomposition and the resulting particle-size reduction is also thought to be important for producing new, highly electrocatalytic electrode surfaces.
The initial storage capacity [C t (0) 3 ], as obtained from extrapolating the low-current capacities to cycle n ϭ 0, are all relatively high for the three electrode materials shown in Fig. 5 . The electrochemical cycling stability has been characterized by the stability factor S(400), which expresses the ratio between the remaining storage capacity after 400 charge/discharge cycles [C t (400)] and [C t (0)]. 3 Figure 5 reveals that both the AB 5.0 and AB 5.4 compounds suffer from severe degradation. After 400 charge/discharge cycles, only approximately 25% of the initial storage capacity is left. On the other hand the AB 6.0 is found to be remarkably stable. In this case only about 25% of the initial storage capacity is lost, leading to an S(400) value of 75%.
All electrochemical results are summarized in Fig. 6 and 7 . The Mn content has practically no effect on the initial storage capacity of the nonstoichiometric compounds (Fig. 6 ). C t (0) decreases strongly for the stoichiometric compounds, especially at Mn contents larger than 1. This is in contradiction with corresponding gas-phase experiments where the Mn content is reported to have only little influence on the hydrogen storage capacity. 11, 17 A possible explanation for this anomalous behavior could be that the plateau pressure of these materials is relatively low so that they form very stable hydrides (see Fig. 1 and 4) . In order to release all hydrogen, the electrochemical driving force must be appreciable. Otherwise, not all hydrogen can be released, and the electrode will be only partly discharged.
As Fig. 7 shows, the Mn content has a positive effect on the cycling stability for the AB 5.0 compounds. It should be noted, however, that the storage capacity is relatively small for these compounds (Fig. 6 ). For the nonstoichiometric AB 5.4 compounds, the cycling stability is relatively poor at low Mn content, goes through a maximum, and subsequently decreases at higher Mn contents. In the case of the nonstoichiometric AB 6.0 materials, the same tendency can be seen with increasing Mn content, except that the cycling stabilities are much higher than those for the corresponding AB 5.4 compounds. In particular, the AB 6.0 compound with Mn content of 1.25 combines a high storage capacity with a good cycle life (see also Fig. 5) . Apparently, the degree of nonstoichiometry must be considerable since the AB 5.4 compound with the same Mn content is not electrochemically stable.
Typical optical microscopy photographs of the cycled electrodes shown in Fig. 8 reveal a significant distinction in particle size for the stable and unstable compounds. Stable compounds show relative large particles even after more than 400 electrochemical charge/discharge cycles (Fig. 8b) , whereas the unstable compounds consist of much smaller particles (Fig. 8a) .
In order to account for the capacity loss of the various hydrideforming electrode materials upon charging and discharging in alkaline electrolyte, the following mathematical relationship has been derived [7] in which C t is the total electrochemical storage capacity at any time t in the electrode cycle life, k ox is the materials oxidation rate constant, a H2O is the activity of water, M ABx the molecular weight of the material, and A o is the specific surface area of the electrochemical active hydride-forming powder. 3, 12 The much larger particles in the case of the stable electrodes support the concept that the cycle life is significantly improved due to the relatively small surface area (A o ) brought into contact with the electrolyte. This limits the amount of oxides formed during cycling and consequently limits, according to Eq. 7, the electrode capacity loss. A closer inspection of, for example, Fig. 8b indeed reveals the presence of approximately 1 m thick oxide surface layers surrounding the hydride-forming powder particles formed upon prolonged cycling. Figure 9 shows a comparison of the most informative part of the measured XRD spectra for the partly hydrided stable AB 6 compound and the unstable AB 5 hydride. Obviously, both materials reveal a clear ␣-to-␤ phase transition. The intensity of the reflections points to a 50% hydrided AB 6 compound, whereas the AB 5 -hydride composition is about 60% of its maximum capacity. The lattice constants of the various phases at the plateau have been calculated from the complete XRD spectra. The calculated values are also indicated in Fig. 9 . The volumetric dimension of the hexagonal unit cells can then be calculated according to where V ␣ and V ␤ refer to the plateau region at which, under equilibrium conditions, the ␣-phase corresponds to its maximum hydride content and the ␤-phase corresponds to its minimum hydride content. As has been defined before, 5 the volumetric lattice expansion of these phases can be related to the unit-cell dimension of the unhydrided materials (V o ) according to [9] For the present compounds, Eq. 9 reveals that the discrete lattice expansion is substantially reduced from 15.8% for stoichiometric AB 5 compound to 13.9% for the nonstoichiometric AB 6 . The discrete lattice expansion was argued to be an important material property, determining the cracking behavior of the hydride-forming powders to a large extent. 5, 12 The dumbbell atom pairs introduced on the 2e site ( Fig. 3) were considered responsible for the decrease or even disappearance of the discrete lattice expansion and hence, for the accompanying mechanical stability. In the latter case the hydride-formation mechanism was reported to change at the as-denoted critical composition from a two-phase into a solid-solution mechanism. 5,12 Figure 7 shows that by increasing the Mn content within the AB 6.0 series, the electrochemical stability passes through a maximum. This suggests that two processes are counterbalancing each other in this region. From Eq. 7 it seems likely that the discrete lattice expansion is suppressed with increasing Mn content and conse-
quently, that cracking is diminished, resulting in a smaller value for A o . The decrease in electrochemical cycling stability at higher Mn content, on the other hand, can very likely be attributed to an increased oxidation rate constant k ox (Eq. 7). This indicates that the oxidation rate constant is strongly dependent on both the chemical composition of the hydride-forming compound, in this case on the Mn content (z), and the degree of nonstoichiometry (x). These results suggest that the electrochemical cycling stability can be further improved by fine-tuning both these parameters. Figure 10 shows the electrochemically measured desorption isotherms at 25ЊC for the AB 5.0 and AB 6.0 compounds each with a Mn content of 1.25. The stoichiometric compound reveals an ex- 
tremely flat pressure plateau at 0.002 bar. This value is in fair agreement with what is expected on the basis of a unit-cell volume of 92.3 Å 3 (see Fig. 4) and Fig. 1 . The plateau of the nonstoichiometric compound is almost two orders of magnitude higher and is less flat in comparison with that of the stoichiometric material. This more sloping plateau indeed points in the direction of a smaller discrete lattice expansion, which was held responsible for the increased mechanical stability of the powder electrodes. 5, 12 The increase of the pressure with increasing degree of nonstoichiometry was also found with the previously reported Cu-containing materials. 4, 5 However, in the present Mn case the increase is much more pronounced. Evidently, in line with thermodynamic considerations, the plateau pressures obtained via the gas phase at 80ЊC are higher and lie at 0.02 and 0.6 bar for LaNi 3.75 Mn 1.25 and LaNi 4.75 Mn 1.25 , respectively. Advantageously, a plateau of 0.1 bar at room temperature and 0.6 bar at 80ЊC for the electrochemically stable, nonstoichiometric, compound indeed meets the currently accepted NiMH battery requirement. 2 Neutron diffraction.-As shown in one of the previous sections, the present La 1Ϫy (Ni 1Ϫz Mn z ) 5ϩ2y system can be fully described by the parameters i and i . Assuming that in each unit cell there is either a La atom or a dumbbell pair of Ni and/or Mn atoms, i can be calculated from the y value for each crystallographic site, as indicated in Table II . The y values for the compounds have been determined by EPMA measurements. The B sites are assumed to be occupied by Ni atoms only, even for the Mn-containing compounds, and their occupancy factors, N i , were refined independently. Furthermore, when Eq. 5 and 6 are taken into account, the i parameters can be obtained from the refinement of occupancy numbers N i for each B site, where N i is given by [10] The EPMA results are summarized in Table III. , which is supposed to be AB 6.0 , is not single-phase. The measured stoichiometry is AB 5.57 , resulting in a y value of 0.075 (Table III) . The excess amount of Ni and Mn is precipitated as a second phase having a composition of Ni 0.55 Mn 0.45 . From the Rietveld analyses, the amount of this second phase could be estimated to be between 5 and 6 wt %, which is in good agreement with the EPMA results.
The hypothesis of the presence of dumbbells in nonstoichiometric compounds has been tested using the simplest compound, the binary LaNi 5.4 . Moreover, since all i values are zero for this compound, Eq. 10 reduces to N i ϭ i , allowing a check on the derived relationship between y and the i values for the various positions listed in Table II . The crystallographic data are summarized in Table IV . Refinement of the occupancy factors leads to a y value of 0.050(2), which is in fairly good agreement with the calculated one (0.054). The various refined and calculated values for i are also summarized in Table IV for comparison. The distance between the two Ni atoms forming the dumbbells can be calculated from the refined atomic z coordinate of the 2e site, according to d ϭ 2zc [11] yielding a distance of 2.62(4) Å. This value is slightly larger than what is expected from the atomic radius (r Ni ϭ 1.246 Å). By using a joint refinement procedure based on both neutron and synchrotron data to be reported shortly, the calculated distance (2.49 Å) is coming very close to what is theoretically expected. 18 The presence of dumbbells is also confirmed by density measurements. These results are shown in Concerning the substitution of Ni by Mn, it is found that the dumbbells in both Mn-containing compounds almost fully consist of two Mn atoms ( i ϭ 100 and 96% in Tables VI and VII, respectively). The amount of Mn on the 6ᐉ site is zero for LaNi 3.75 Mn 1.25 but reaches 25% for LaNi 4.75 Mn 1.25 . Since the amount of Mn is limited, the number of Ni atoms substituted by Mn atoms on both the 3g and 2c sites of LaNi 4.75 Mn 1.25 is reduced. Mn preferably occupies the 3g site with respect to the 2c site in the present materials, similar to the result reported for Mn-containing stoichiometric compounds, 11 although it should be noted that the atomic ratio clearly diminishes at a higher degree of nonstoichiometry. This indicates that the introduction of a large number of dumbbells also causes the z ϭ 0 plane to be less dense to some extent. The total amounts of Ni and Mn, as represented by Eq. 5 and 6 and measured independently by EPMA and ND, are compared for both compounds in Table VIII and are found to be in good agreement with each other. In addition, the density measurements performed with these compounds (Table V) are also in good agreement with those derived from the combined EPMA and ND measurements, indicating the reliability of these experimental methods.
The ND results of the present Mn-containing compounds reveal that the dumbbell positions are almost exclusively composed of Mn atoms. This strongly contrasts with the previously reported Cu-containing nonstoichiometric materials [3] [4] [5] for which it was concluded that no Cu atoms were introduced at the dumbbell position for the optimized AB 5.4 compound (LaNi 4.4 Cu). In this case the dumbbells were entirely composed of Ni atoms, suggesting that the presence of dumbbell pairs in the crystal lattice rather than the chemical nature of these dumbbells is responsible for the mechanical stability of the powder particles. On the other hand, comparing the poor electrochemical cycling stability of binary LaNi 5.4 with that of LaNi 4.4 Cu clearly indicates that apart from geometrical aspects, the chemistry of the dumbbells certainly contributes to this stability. 3 This shows that the interesting role these dumbbells play in relation to the good mechanical properties is still not fully understood and needs to be investigated further.
Conclusions
The most striking aspect of the present results is that the investigated nonstoichiometric AB x -type hydride-forming compounds can be made electrochemically stable and are characterized by low hydrogen pressures without making use of precious Co. Mn turned out to be an effective chemical element in this respect. The influence of both the amount of Mn (z) and the degree of nonstoichiometry (x) of these La(Ni 1Ϫz Mn z ) x materials on the crystallography, electrochemical cycling stability, and electrode morphology has been investigated.
The optimum annealing temperature was found to be clearly dependent on the composition. The best annealing temperature to obtain homogeneous compounds generally decreases with (i) increasing Mn content and (ii) with decreasing degree of nonstoichiometry. XRD measurements confirmed that all these compounds crystallize in the hexagonal CaCu 5 structure. Both the a and c axis of the unit cell are found to increase with increasing amount of Mn, as expected, because Mn has a larger radius than the substituted Ni. On the other hand, by increasing the degree of nonstoichiometry, the a axis clearly decreases while the c axis remains more or less fixed.
The decrease of the a axis has been attributed to the fact that the excess B-type atoms are introduced into the crystal lattice by replacing part of the large La atoms by dumbbell pairs of the much smaller B-type atoms oriented along the c axis. [3] [4] [5] Neutron-diffraction results obtained with the binary nonstoichiometric LaNi 5.4 support this dumbbell hypothesis: the measured substitution rate is found to be in perfect agreement with that calculated. In the case of the Mncontaining compounds, ND experiments proved that the dumbbells consist of Mn atoms only. The remaining Mn atoms are distributed over the various sites in the crystal lattice. The occupation ratio of Mn atoms is found to be dependent on the degree of nonstoichiometry. The dumbbell hypothesis is also supported by EPMA and density measurements and confirms the previously reported tunneling electron microscopy results. 19 The distributions between the Ni and Mn atoms, as obtained by ND and EPMA, are also in good agreement with each other.
The electrochemical experiments reveal that the combination of the degree of nonstoichiometry and the Mn content is decisive in obtaining stable electrodes. The cycling stability was found to increase dramatically for a higher value of x. This improvement is counterbalanced by the amount of Mn introduced. In the present study an optimum was found for the nominal LaNi 4.75 Mn 1.25 compound. Optical inspection of the electrodes after cycling revealed that the powder particles of the electrochemically stable electrodes were hardly subjected to mechanical cracking. Consequently, it can be understood that the active electrode surface area in contact with the electrolyte stays relatively small and that the electrode is less sensitive to oxidation. The unstable electrodes all suffer from a severe particle size reduction upon hydride-formation/decomposition, leading to much higher overall oxidation rates.
In line with geometrical considerations, pressure-composition isotherms revealed that Mn is very effective in reducing the plateau pressures for both stoichiometric and nonstoichiometric hydrideforming materials. The plateau pressure for the electrochemically stable AB 6.0 compound was found to be 0.1 bar at room temperature, which matches very well with what is desirable in commercial NiMH batteries. The smaller and more sloping plateau for the nonstoichiometric alloy agrees well with the smaller discrete lattice expansion, explaining the improved mechanical stability of these powders.
Fine-tuning the chemical composition and the degree of nonstoichiometry will probably lead to further improvement of the electrochemical cycling stability. In addition, it is very likely that the strategy outlined in this paper also holds for other pressure-lowering elements besides Mn and also will lead to electrochemically stable, hydride-forming materials. This would make these Co-free, nonstoichiometric compounds very attractive for application in future generations of rechargeable NiMH batteries. This holds not only for the small-size batteries now widely employed in portable electronic equipment but also, and even more importantly, for the large-scale batteries to be installed in future types of (hybrid) electric vehicles. 
